Fusarium wilt, caused by Fusarium oxysporum Schlechtend.:Fr. f. sp. ciceris (Padwick) Matuo & K. Sato, is one of the most important biotic stresses of chickpea (Cicer arietinum L.) and has the potential to cause 100% yield losses. An annual loss in chickpea grain yield of about 10 to 15% has been reported for this disease (8) . The disease is prevalent in the Indian subcontinent, Ethiopia, Mexico, Spain, Tunisia, Turkey, and the United States (5, 17, 31) . F. oxysporum f. sp. ciceris is a vascular pathogen that perpetuates in seed and soil, and hence is difficult to manage by the use of chemicals. Pathogenic and genetic variability in the pathogen was characterized using differential lines and DNA markers (6, 19, 23) . Efforts were also made to develop race-specific DNA-based markers for certain races (2, 11, 12) . The pathogen has eight races (6, 9, 18) . Races 1A, 2, 3, and 4 have been reported from India, and races 0, 1A, 1B/C, 5, and 6, from the United States and Spain.
Cultivar specialization (race) of F. oxysporum f. sp. ciceris was first reported in India (6) . Subsequently, resistance to wilt in chickpea has been shown to be racespecific and governed by major resistance genes (20, 27, 30) . Resistance to races 0, 1A, 2, and 4 is either digenic or trigenic, whereas resistance to races 3 and 5 is monogenic (20, 25) . Resistance to race 0 is conferred by one gene in the germ plasm line JG-62 and by another gene in CA2139 (19) . Resistance to race 4 is recessive, monogenic in WR-315, while it is recessive, digenic in Surutato-77 (27, 28) . Reaction of F 2 and F 3 populations derived from a cross of WR-315 (resistant) and C-104 (susceptible) showed the digenic (a and b) nature of resistance in WR-315 to race 2 (14) . Both these genes in recessive form (aabb) conferred resistance in WR-315, whereas AABB led to susceptibility in C-104. Other crosses revealed involvement of a third gene named C for resistance to race 2 (4, 14) . The genetics of the resistance to race 5 in WR-315 and C-104 is still unknown, and previous reports about the genetics of resistance to other races are inconsistent.
Some susceptible chickpea lines exhibit a phenomenon termed late wilting, which is characterized by an extended latent period (the time between inoculation and first appearance of visual wilt symptoms), followed by a normal rate of disease development after onset of the visual symptoms (29) . While studying genetics of resistance to race 1A, late wilting was found to be governed by any one of the three genes, h 1 , h 2 , and H 3 , associated with race 1A resistance, whereas any two of these three genes conferred resistance (no wilt) (21, 29, 30) . Late wilting was also detected in some lines susceptible to race 2. Of the three independent genes (a, b, and C) found to govern resistance to race 2, a combination of any two conferred resistance, whereas any one of these genes led to late wilting (4, 14) .
Identification of races of F. oxysporum f. sp. ciceris has been complicated by the availability of several different sets of differentials, and some of the differentiation is based on intermediate reactions. Differential lines in the previously reported sets ranged from as few as eight to as many as 22 (3, 6, 10, 26) . In all those reported differential sets, differentiation between races 2 and 3 is not precise and is based on an intermediate or a moderate reaction of some differential lines. For example, Chaffa is intermediate in reaction to race 3 and resistant to race 2 (26) . Since resistance to wilt in chickpea is race-specific and governed by major resistance genes, there is a need to develop an improved differential set for chickpea wilt to reduce ambiguity in race determination. It would also be desirable to reduce the number of lines in proportion to the number of races, and the lines should have clear and consistent disease phenotype (e.g., clear resistant or susceptible reactions). The race identification would be more precise if all lines of the set wilt early, preferably at the same time, and do not have late wilting. Another factor that has complicated the race deter-mination process is inconsistent criteria in defining resistance and susceptibility. Disease scoring scales used to phenotype resistance and susceptibility for race identification have varied considerably among different studies (Table 1) . Lines scored as resistant in one study might have been categorized as medium-moderately susceptible-intermediate in other studies, and lines scored as susceptible in one study may be considered moderate in another study. Different terminologies, such as medium, moderately susceptible, and intermediate, have further complicated the process of race identification.
We had two main objectives in this study: (i) to elucidate genetics of resistance in WR-315 to race 5 and to confirm the genetics of resistance in WR-315 to races 1A, 2, 3, and 4 of F. oxysporum f. sp. ciceris, and (ii) to develop a concise set of differential lines to identify races of F. oxysporum f. sp. ciceris with greater precision. In addition, we report a phenomenon of slow wilting that is different from previously reported late wilting.
MATERIALS AND METHODS
Chickpea genotypes, fungal strains, and inoculum preparation. Three groups of chickpea genotypes were used in this study. The first group was comprised of 27 germ plasm lines of C. arietinum and two germ plasm lines of C. reticulatum, including those that were used previously as differentials for races of F. oxysporum f. sp. ciceris (Table 2 ). These germ plasm lines were obtained from the USDA Western Regional Plant Introduction Station, Pullman, WA. The second group was comprised of 100 F 7 recombinant inbred lines (RILs) from a cross between WR-315 and C-104. WR-315 is resistant to races 1A, 2, 3, 4, and 5 of F. oxysporum f. sp. ciceris, whereas C-104 is susceptible to the five races (14, 16, 20, 28 had lost pathogenicity or they were not available. Isolates of fungal strains were maintained on cellulose filter papers at -20°C, revived on liquid V8 juice agar medium (150 ml of V8 juice, 3 g of calcium carbonate, and 16 g of agar per liter of the medium) plates, and multiplied on liquid V8 juice medium. Single spore isolates of each strain were established and tested for pathogenicity on a highly susceptible cultivar P-2245 (20) . Each isolate was tested on a set of chickpea differential lines (26) to confirm their race identity at the beginning and was used throughout this study. In addition, molecular differences among strains of races 2, 3, and 4 were confirmed using random amplified polymorphic DNA (RAPD) with three primers, OPI-18, OPF-6, and OPF-10, as described previously (11) . Inocula of the five races were prepared from 21-day-old cultures grown in liquid V8 juice medium at 25°C at 100 rpm under continuous cool fluorescent light. The mycelium of the cultures was removed by passing through four layers of cheesecloth, and the concentration of spores present in the liquid medium was adjusted to 1 × 10 6 per ml using a hemacytometer.
Pathogenicity assays. Chickpea seeds were pregerminated in moist paper towels in petri dishes for 3 days, and then planted into perlite. Plants were uprooted at the three-to four-leaf-stage. After the lower one-fifth of the roots were trimmed with sterile scissors, the plants were dipped in inoculum for 5 min and transplanted into a 1:1 mix of potting soil and perlite in trays (50 × 35 × 10.6 cm). Four chickpea genotypes (10 plants each in a row) were randomly assigned to a tray. Each row of 10 plants was one replication. Uninoculated control plants were treated the same way except that their roots were dipped in sterile water for 5 min. The inoculated plants were grown under growth room conditions with a temperature regime of 26 and 22°C (12 h:12 h) and 16-h photoperiod under fluorescent light. The plants were watered daily and supplied with nutrient solution (10% N, 10% P 2 O 5 , 10% K 2 O, 0.025% Mg, 0.0034% B, 0.0018% Cu (chelated), 0.025% Fe (chelated), 0.0125% Mn (chelated), 0.00045% Mo, and 0.00125% Zn) once a week for the first 2 weeks after transfer and twice a week thereafter. Disease incidence (percent wilting) was recorded weekly from week 2 to week 8 after inoculation.
The 29 germ plasm lines and the 100 RILs were tested for reaction to each of the five races with three replications in a completely randomized design. Due to space limitations, the 100 RILs were tested in successive batches, and several lines were included in each batch to facilitate comparing results between batches. The entire experiment was performed twice. The lines that gave differential reaction to any of the five races were re-evaluated one more time in one batch using the same procedure.
The genetic mechanism of resistance to race 2 in WR-315 was evaluated using a F 2 population from the cross W-315 × C-104. Twenty-six F 2 seeds were obtained from one F 1 seed. The F 2 plants were inoculated with inoculum of race 2 as described above. Data on wilt incidence were collected 42 days after inoculation.
Two experiments were conducted to investigate slow wilting. In the first experiment, plants of FLIP84-92C(3), PI599072, WR-315, and C-104 were compared for their reactions to race 2. The experiment was performed in trays with three replications (10 plants per replication) as described above. In the second experiment, C-104 and FLIP 84-92C plants were inoculated with each of the five races. The inoculated plants were grown in flats with 10 plants per replication and three replications per treatment as described above. When the second experiment was repeated, only FLIP 84-92C was used, and the inoculated plants were grown in plastic pots with three replications for a total of 15 plants (three pots each with five plants per replication). Disease incidence was recorded starting 2 weeks after inoculation at weekly intervals for 8 weeks.
Completely randomized designs were used for all experiments in this study. The disease incidence data were converted to categorical data in the following way: 0 to 10% wilting = resistance, 11 to 89% wilting = intermediate, >90% wilting = susceptible. Chi-square analysis was used to test the goodness of fit for one, two, or three genes governing resistance to individual races when appropriate.
RESULTS
Wilt reaction and genetics of resistance. Of the 29 germ plasm lines evaluated for wilt reaction to five races, 16 C. arietinum lines showed differential reaction. Eight (ICC 7537, Sanford, Chaffa, DZ10-4, White Spanish, PI359075(1), ICCV 4, and Dwelley) of these 16 lines differentiated at least one race from others based on resistant or susceptible reactions, whereas the remaining eight lines differentiated the races on the basis of an intermediate reaction (Table 2 ). Both lines of C. reticulatum (PI489777, PI599072) were susceptible to all five races.
Among (Table 3) . Chi-square analysis of the RILs that had either resistant or susceptible reactions showed a goodness of fit to a 1:1 ratio (resistant:susceptible), indicating that WR-315 possesses monogenic resistance to each of the five races (Table 4) .
Twenty-six F 2 plants were inoculated with race 2, out of which 21 wilted after 6 weeks and 5 survived. These data fit well into a 3:1 (susceptible:resistant) ratio with a χ 2 value of 0.46 and probability value of 0.50, indicating that resistance in WR-315 to race 2 is governed by a single recessive gene.
Slow wilting. Chickpea line FLIP84-92C(3) was compared with C-104, PI Table 3 . List of chickpea recombinant inbred lines (CRIL) derived from a cross of WR-315 and C-104 that showed differential reactions to five races of Fusarium oxysporum f. sp. ciceris 599072, and WR-315 for their reactions to race 2. Four weeks after inoculation, all plants of PI599072 and C-104 wilted and died, and WR-315 survived and showed no wilt. Wilt incidence of FLIP84-92C(3) was only 13.3% 4 weeks after inoculation, indicating that this line possesses some degree of resistance to race 2. In the second experiment, FLIP84-92C(3) and C-104 were inoculated with five races of the pathogen. C-104 had 30 and 100% wilt incidence 2 and 3 weeks, respectively, after inoculation with race 2. In contrast, FLIP84-92C(3) showed 0, 2.7, and 15% wilt incidence 2, 3, and 4 weeks, respectively, after inoculation with the same race (Fig. 1) . Wilt incidence continued to increase and was 31.1, 60.5, and 84.4% at 5, 6, and 7 weeks after inoculation, respectively. Terminal disease incidence was 86.6% after 8 weeks of inoculation and was stable thereafter. This line, however, did not show any resistance to races 1A, 3, 4, and 5, as all plants wilted within 4 to 5 weeks after inoculation (Fig. 1) . Figure 2 contrasts the susceptible reaction of FLIP84-92C(3) to race 1A with its intermediate reaction to race 2 at 8 weeks after inoculation. Essentially the same data were obtained when the experiment was repeated with only FLIP84-92C(3). The slow progress of wilt by race 2 on FLIP84-92C(3) after appearance of first wilt symptoms and survival of 13.4% of plants even after prolonged incubation indicated that this phenomenon was different from the late wilting reported earlier (29) . In addition to slow progress of the disease, onset of visual wilt symptoms on FLIP84-92C(3) was also 1 week later than on C-104. Slow wilting was also observed in some F 7 RILs in reaction to races 2 and 3. Fiftyfive and 40 RILs showed 100 and 0% wilt incidence, respectively, to race 2. The remaining five RILs were intermediate, and increase in wilt incidence over extended time was observed only in two RILs (CRIL-1-7 and CRIL-1-83) (Fig. 3A) . First appearance of disease on CRIL-1-7 and CRIL-1-83 was recorded during the third and fourth weeks, and terminal mean disease incidence was 60.7 and 63.2%, respectively, 7 weeks after inoculation. Similarly, five RILs were intermediate in reaction to race 3 and three (CRIL-1-7, CRIL-1-26, and CRIL-1-93) of these five RILs were slow wilting (Fig. 3B) . The onset of wilt symptoms on these RILs varied between 3 and 4 weeks; however, the progress of disease was slow thereafter and terminal disease incidence ranged from 26.7 to 63.3%. Slow wilting to races 1A, 4, and 5 was not observed in any of the RILs or any of the other chickpea genotypes used in this study.
Differential set for race identification. Eight lines as a set of differentials were selected from the chickpea genotypes used in this study based on the clearest and most precise differential reactions (Table 5) . In most cases, the selected susceptible lines wilted within 4 weeks of inoculation, whereas the resistant lines remained healthy even 8 weeks after inoculation. The selected lines could differentiate the five races based on no wilt and 100% wilt incidence with two exceptions, JG62 for race 2 (94.3% wilting) and Sanford for race 5 (95.0% wilt incidence). Reactions of CRIL-1-94 to races 4 and 5 and that of CRIL-1-36 to race 1A were intermediate. There are differentials in this set that can differentiate the five races based on unambiguous reactions. For instance, CRIL-1-94 can be used to differentiate race 2 from race 3 (Fig. 4) because it is susceptible to race 2 (100% wilt) and resistant to race 3 (no wilt).
DISCUSSION
Through evaluating 100 F 7 RILs from a cross between WR-315 and C-104, we have determined for the first time that the resistance in WR-315 to race 5 of F. oxysporum f. sp. ciceris is monogenic. We also confirmed previous reports (13, 16, 20, 28) on the monogenic nature of resistance in WR-315 to races 1A, 3, and 4. Since we used RILs, the dominant or recessive nature of resistance is not known. Previously, Tekeoglu et al. (25) showed that resistance in ICC4958 to race 5 is also monogenic. Our results from evaluating both RILs and F 2 populations showed that the resistance in WR-315 to race 2 is conferred by a single recessive gene, which is contrary to previous reports (4, 14) . The two previous studies on resistance in WR-315 to race 2 were not in agreement with each other either. Kumar (14) concluded that the resistance was trigenic, whereas Gumber et al. (4) proposed a two-gene hypothesis. In the current study, both parental lines reacted to race 2 the same way as in previous studies (4, 14) . C-104 was susceptible to race 2 (not late wilt) and WR-315 was resistant. The number of RILs that showed 100% wilt incidence to race 2 was 55 at 4 weeks after inoculation and remained the same even 8 weeks after inoculation. We did observe two RILs that are slow wilting in reaction to race 2, whereas three other RILs were intermediate in reaction. Furthermore, our results from the F 2 population also supported the one gene theory obtained with RILs for reaction to race 2. The cause of the discrepancies among the three studies is unknown. It could be due to different strains of race 2 being used, or due to environmental conditions. While studying progenies of F 3 plants developed from a cross between WR-315 and C-104, Kumar (14) observed an excess of susceptible progenies compared with those expected for resistance governed by two genes, and speculated that this bias toward susceptibility was due to the failure of some resistant plants to occur in some progenies.
Slow wilting in chickpea is a phenomenon not previously reported. Progress of wilt on FLIP84-92C(3) was significantly slower after initial onset of symptoms by race 2 than by other races (Fig. 1) . More than 10% of the inoculated plants remained healthy even at 8 weeks after inoculation with race 2, whereas plants inoculated with the other four races completely wilted by week 5. Thus, slow wilt in FLIP84-92C(3) appeared to be race-specific. The slow wilting reported here is clearly different from late wilting. Late wilting refers to susceptible lines showing a prolonged latent period (from inoculation to first appearance of wilt symptom). Once symptoms start showing, disease progress is rapid and disease incidence approaches 100%. With slow wilting, however, the first signs of disease appeared at about the same time as in other susceptible lines, but disease incidence increased slowly over time. The final rating of disease incidence usually gives an intermediate reaction. Therefore, slow wilting differs from late wilting in three aspects: latent period, disease progress rate, and final disease severity. Late wilting a Resistant = 0 to 10% wilt incidence, susceptible = 90 to 100% wilt incidence. is considered of importance in chickpea breeding, as it is expected to delay disease development during the growing season (14, 29) . The phenomenon of slow wilting in chickpea is similar to slow mildewing reported in pea and Medicago (1, 32) and slow rusting in wheat, leak, faba bean, and oat (7, 15, 22, 24) . Slow mildewing and slow rusting have been characterized by the low rate of disease progress after initiation of symptoms in some cultivars compared to susceptible ones. Thus, the slow rate of disease progress over time observed in our studies is termed slow wilting. To our knowledge, this is the first report of slow wilting of Fusarium wilt in chickpea. Slow wilting might be useful in chickpea breeding for controlling Fusarium wilt to reduce chances of evolution of new races. The phenomenon of late wilting in chickpea is controlled by single genes (21, 30) , but the genetics of slow wilting is unknown. One possible explanation could be the presence of some minor genes that might act in an additive manner and lead to slow wilting. However, this does not appear to explain the race-specific nature of slow wilting observed here. In addition to FLIP84-92C(3), a few of the RILs used in this study also showed an intermediate reaction, and some are slow wilting (Fig. 3) . Although there is about 2.1% heterozygosity in F 7 RILs, the slow wilting occurred only to races 2 and 3, and none of the 100 RILs reacted in a slow wilting manner to the other races. The germ plasm line FLIP84-92C(3) and the few slow wilting RILs (Fig. 3) provide genetic materials for future studies to elucidate the genetics of slow wilting.
Resistance in chickpea to races of Fusarium wilt is inherited as major genes and shown as vertical resistance. We feel that the most appropriate classification scheme for phenotypic reactions is resistant (0 to 10% wilt incidence), intermediate (11 to 89% wilt incidence), and susceptible (90 to 100% wilt incidence). The reported late wilting chickpea genotypes also show 100% wilt incidence with delayed onset of symptoms (4, 14, 21, 29, 30) and should also fit well into the proposed classification. Slow wilting reactions will fall into the intermediate category. A margin of 10% has been kept for variability due to environmental variation and experimental errors. Seventy-nine of the 100 RILs showed the phenotype of either parent with respect to resistance to the five races (44 susceptible and 35 resistant to all five races). Only 21 RILs showed recombinant phenotypes in reaction to the five races, with 10 delineating races based on resistant or susceptible reactions. Thus, genes for resistance to the five races might be linked. Linkage between resistance genes and DNA markers was established, and the five genes were found to be on one linkage group (K. D. Sharma, W. Chen, and F. J.
Muehlbauer, unpublished).
The selected differential set of eight lines is smaller than a set of 22 used previously (26) . To facilitate precise and reproducible race identification, we selected lines that wilted early (within 4 weeks of inoculation) and showed extreme phenotype (0 or 100% wilt incidence) to different races. The lines with intermediate reaction were avoided with the exception of CRIL-1-94 and CRIL-1-36. CRIL-1-94 was one of the best lines for differentiation between race 2 (100% wilt) and race 3 (0% wilt) and CRIL-1-36 for differentiation between race 4 (100% wilt) and race 5 (0% wilt). Although not tested in this study, JG-62 is resistant to race 0 (19, 26) and is retained in the set to differentiate race 0 from the other races. Some other lines, although not selected in the list, had the same reactions to the races and may be used as substitute or in comparing with previous data. Chickpea lines ICC 7537 (W6-24873) and BG 212 (W6-24875) reacted to the five races in the same ways as CRIL7-1-17 and WR-315, respectively. We observed consistency of the differential reactions among replications in repeated trials. This concise set of differentials with vertical resistance to the races of F. oxysporum f. sp. ciceris should save time and effort in future race differentiation, and the clear reactions of the differentials should eliminate or reduce ambiguous results in race determination. This set of differential lines will be maintained as a special collection and may be obtained on request from the website of the USDA-ARS National Plant Germplasm System.
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